The tensile behavior of ductile ultra-high strength Fe-12 pctMn-0.3 pctC-2 pctAl austeno-ferritic steel was studied by in situ neutron diffraction measurement of the elastic lattice strains, dislocation density, stacking fault probability, and strain-induced transformation kinetics. Micro-yielding was observed in austenite, and the plastic deformation of ferrite remained very limited throughout the deformation. The analysis identified three contributions to the strain hardening: twinninginduced plasticity, transformation-induced plasticity, and the accumulation of a high density of geometrically necessary dislocations accommodating the strain mismatch at the phase boundaries. High manganese austenitic twinning-induced plasticity (TWIP) steel and medium manganese austeno-ferritic transformation-induced plasticity (TRIP) steel have been shown to achieve a combination of ultra-high strength and ductility. [1] [2] [3] TWIP steel exhibits deformation twinning caused by the passage of Shockley partials along every successive {111} austenite plane. The deformation twins act as effective obstacles to dislocation motion. This results in a pronounced work hardening.
The tensile behavior of ductile ultra-high strength Fe-12 pctMn-0.3 pctC-2 pctAl austeno-ferritic steel was studied by in situ neutron diffraction measurement of the elastic lattice strains, dislocation density, stacking fault probability, and strain-induced transformation kinetics. Micro-yielding was observed in austenite, and the plastic deformation of ferrite remained very limited throughout the deformation. The analysis identified three contributions to the strain hardening: twinninginduced plasticity, transformation-induced plasticity, and the accumulation of a high density of geometrically necessary dislocations accommodating the strain mismatch at the phase boundaries. High manganese austenitic twinning-induced plasticity (TWIP) steel and medium manganese austeno-ferritic transformation-induced plasticity (TRIP) steel have been shown to achieve a combination of ultra-high strength and ductility. [1] [2] [3] TWIP steel exhibits deformation twinning caused by the passage of Shockley partials along every successive {111} austenite plane. The deformation twins act as effective obstacles to dislocation motion. This results in a pronounced work hardening. [4] The martensite transformation during deformation of TRIP steel is nucleated at deformation band (i.e., overlapping stacking faults, mechanical twins, and e-martensite plates) intersections. [5] The transformation suppresses diffuse necking and allows for an outstanding combination of strength and ductility. The kinetics of the TWIP and TRIP mechanisms depend on the chemical composition of the steel, the temperature, and the strain rate. [6] [7] [8] A new concept of ductile ultra-high strength steel has recently been developed, which combines of the TWIP effect and the TRIP effect. The two plasticity-enhancing mechanisms occur in succession during deformation. [9] [10] [11] These TWIP+TRIP steels have two phase microstructures consisting of ferrite and austenite. The steels typically have a yield strength in the range of 600 to 1000 MPa, and the UTS is in the range of 1000 to 1200 MPa. The TWIP effect occurs in the low strain range. At intermediate strains, the volume fraction of deformation twins reaches saturation, and the TRIP effect is activated. The martensite typically nucleates at twin intersections. The succession of the TWIP and TRIP plasticity-enhancing mechanisms results in an ultra-high strength and ductility.
In situ neutron diffraction carried out during the straining allows for the precise determination of the elastic strains, the dislocation density evolution, the strain-induced phase transformation kinetics, and the stacking fault probability in the constituent phases in the bulk of multi-phase TWIP+TRIP steel due to the high penetration depth in neutron diffraction. [12] Even though TWIP+TRIP steel exhibits an excellent combination of strength and ductility, the strength contribution of each constituent phase has not yet been reported. In the present work, in situ neutron diffraction was carried out during tensile testing to investigate the strain and stress partitioning in ferrite and austenite. In addition, the influence of the TWIP+ TRIP effect on strain and stress partitioning was investigated.
The composition of the steel was Fe-12 pctMn-0.3 pctC-2 pctAl, in mass pct. The steel was produced by vacuum-induction melting, hot-rolled, and coldrolled to a thickness reduction of 1.25 mm. Cold-rolled strips were intercritically annealed at 923 K (650°C) for 1 hour prior to cooling to room temperature using a cooling rate of À30°C/s. Figure 1 shows a SEM micrograph of the as-annealed two phase austenoferritic microstructure. The grain size of the ferrite and austenite was 2.0 and 0.8 lm, respectively. The austenite and ferrite volume fractions were 0.86 and 0.14, respectively.
The in situ neutron diffraction measurements were carried out at the Korea Atomic Energy Research Institute. The neutron beam wavelength was 0.146 nm. The samples were deformed uni-axially at room temperature to an engineering stress of 1 GPa in a step-wise manner using a 0.01 mm/s displacement rate. The (111) c , (200) c , (311) c , and (222) c austenite diffraction peaks and the (110) a , (112) a , and (220) a ferrite diffraction peaks were measured at each constant applied stress stage after stress relaxation had occurred. The scattering vectors were directed along the gauge length of specimen to measure longitudinal elastic lattice strains. The measuring time for the austenite peaks was 120 and 300 seconds for the ferrite peaks, the difference being due to the smaller ferrite volume fraction in the sample. The analyzed volume was 5 9 5 9 2 mm 3 . ASTEM-E8 sub-size tensile samples with the tensile axis aligned along the rolling direction were also tested using a universal tensile testing machine. SANGWON The Bragg diffraction angle h ðhklÞ and the full width at half maximum (FWHM) DK of the Bragg peaks were determined by fitting a Gaussian to the measured peaks. The lattice strain e ðhklÞ in the direction normal to the (hkl) planes was calculated as follows: 
Here, M is a constant related to the dislocation outer cut-off radius, b is the dislocation Burgers vector, and C is the average dislocation contrast factor. The dislocation average contrast factors of ferrite and austenite reflections were calculated assuming that the screw and edge dislocation densities were equal. [14] Table I lists the values of C used in the present case. Equation [2] implies that when the peak broadening data are plotted in a DK vs KC 1=2 graph, a straight line with a slope equal to ðpM 2 b 2 =2Þ 1=2 q 1=2 is obtained. This allows for the experimental determination of q 0 , the initial dislocation density, q def , the dislocation density in the deformed state at a specific strain, and the q def =q 0 ratio.
The austenite stacking fault probability P sf was computed using the following equation [15] : [15] Figure 2 (a) compares an interrupted stress-strain curve obtained during neutron diffraction experiments and a stress-strain curve obtained during a continuous quasi-static deformation to fracture at room temperature. The stress-strain curves are very similar, but during the in situ neutron diffraction measurement, stress relaxation occurred prior to the measurements. Note that the in situ neutron diffraction measurements were not carried out in the dynamic strain aging strain range, to avoid complications due to strain localization. The engineering stress dependence of the work hardening rate measured in a quasi-static tensile test is shown in Figure 2 (b). Directly after yielding, the work hardening rate initially continued to decrease as expected for stage three hardening. The strain-hardening rate then increased at a stress slightly higher than the yield stress, as a result of deformation twinning. At a stress of 887 MPa, the strain hardening had an upward curvature as a result of the strain-induced martensite transformation. The tensile behavior of a similar multi-phase steel was investigated by TEM previously, [9] and it was shown that the increase of the work hardening rate at intermediate strain was caused by the strain-induced a¢-martensite transformation nucleated at the intersections of the deformation twins which formed at small strains. Figures 2(c) and (d) show the evaluation of the stacking fault probability in austenite and the evolution of the strain-induced martensite volume fraction. The yield strength of austenite ðr c YS ¼ 436 MPaÞ was evaluated using the following empirical equation combining the effect of solid solution hardening [9] and grain size strengthening [16] 
Here, X prior to the yielding of the bulk alloy. Figure 2(c) shows the considerable increase of the austenite stacking fault probability in the 400 to 601 MPa range, implying that the austenite grains developed numerous stacking faults within the grains without propagating plastic deformation. For stresses larger than 601 MPa the stacking fault probability increased linearly with stress and both ferrite and austenite deformed plastically. Figure 2(d) shows that the stress for the activation of the strain-induced martensite transformation was 887 MPa. The normalized austenite and ferrite peak intensities are shown in Figures 3(a) and (c), respectively. The austenite peak intensity decreased continuously for stresses larger than 400 MPa, but the (111) c and (222) c peak intensities increased between 601 and 887 MPa due to crystal rotation and texture development. After the activation of the martensite transformation at a stress of 887 MPa, there was a continuous decreases of the austenite (200) c and (311) c peak intensities. The ferrite peak intensities remained unchanged in the 400 to 601 MPa stress range. The (110) a and (220) a ferrite peak intensities increased for stresses higher than 887 MPa due to texture development and the formation of martensite.
Figures 3(b) and (d) show the stress dependence of the FWHM of the austenite and ferrite peaks. The FWHM for the austenite peaks increased continuously for stresses larger than 400 MPa. The trend in the increase of the FWHM of the austenite peaks was similar to the trend for the austenite stacking fault probability (Figure 2(c) ). The increased stacking fault density leads to an increase of the number of overlapping stacking faults acting as precursors to twin formation. Mechanical twins are effective obstacles to dislocation glide. [17] The TWIP effect in 12 pctMn-0.3 pctC-2 pctAl steel should therefore result in substantial austenite peak broadening. The width of the (112) a and (110) a peaks increased clearly at 601 and 887 MPa. This was not the case for the (220) a peak. At 601 MPa, the broadening resulted from the increase of the dislocation density during yielding of the ferrite. [18] The broadening at 887 MPa was due to the overlap of ferrite and martensite diffraction peaks which were broadened due to the high dislocation density of the martensite. The FWHM for the ferrite (112) a peak increased continuously for stresses larger than 887 MPa. Figures 4(a) and (b) show the stress dependence of the austenite and ferrite lattice strains. In the elastic range, the lattice strains increased linearly for both phases. [19] The slope differences are caused by the difference in diffraction elastic modulus of the hhkli directions of both phases. The slope of the softer austenite phase increased when plastic deformation was initiated in this phase. The slope of harder ferrite phase decreased because it continued to deform elastically. [20] At stresses higher than 400 MPa, the slope of the lattice strain vs stress for austenite increased slightly. For example, the slope of the curve for (111)c increased from 261 to 368 GPa. In contrast, the slope for the ferrite lattice strain decreased. This implies that the ferrite is a much harder phase than austenite. For stresses higher than the bulk yield stress, the harder ferrite phase also deformed plastically. The elastic ferrite lattice strain remained unchanged with increasing stress, as can be inferred from the fact that the slope of the lattice strain was almost parallel to the y-axis in Figure 4(b) . At the same time, the slope for the softer austenite phase decreased for stresses higher than the yield stress.
The TWIP effect occurring in the austenite phase is associated with the formation of a high density of stacking faults at low strains. The ferrite phase however did not contribute to the strain hardening. After the strain-induced martensite transformation was initiated, the slope of the stress dependent austenite lattice strain increased abruptly, as the formation of martensite resulted in (a) the decreases of the load carried by the austenite, and (b) the compression of the austenite lattice caused by the volume expansion associated with the martensite transformation. [21] The slope of the stress dependence of the ferrite decreased slightly due to the load transfer to the martensite. This load partitioning effect to the martensite and the decrease of the effective load on the softer austenite phase affected the strain hardening of Fe-12 pctMn-0.3 pctC-2 pctAl steel. The change of work hardening rate at the start of the martensite transformation at a stress of 887 MPa (Figure 2(b) ) coincided with the discontinuity observed in the lattice strain measured by means of the austenite diffraction peak positions (Figure 4(a) ). Figure 5 (a) compares the stress dependence of the austenite and ferrite dislocation density ratio. The austenite dislocation density increased considerably with increasing stress. The ferrite dislocation density however remained relatively low throughout the deformation. TEM observations ( Figure 5(b) ) for Fe-12 pctMn-0.3 pctC-2 pctAl deformed to 20 pct confirmed the presence of a considerable strain gradient at the austenite-ferrite interfaces. The dislocations at the phase boundary are therefore geometrically necessary dislocations (GNDs) which accommodate the strain mismatch caused by the difference in strength between ferrite and austenite. [22, 23] These GNDs act as additional obstacles to the motion of the statistically stored dislocations. The resulting internal stress contributes to the work hardening in 12 pctMn multi-phase steel, in addition to the work hardening provided by the TRIP+TWIP mechanism.
In summary, in situ neutron diffraction was used to monitor the deformation behavior of ferrite and austenite in ultra-high strength Fe-12 pctMn-0.3 pctC-2 pctAl multi-phase steel. The austenite grains developed stacking faults at stresses lower than the yield point of the steel. The work hardening of Fe-12 pctMn-0.3 pctC-2 pctAl austeno-ferritic steel was controlled by three plasticity-enhancing mechanisms occurring in the austenite. The TWIP effect, occurring at low strains, and the TRIP effect, occurring subsequently at higher strains, identified in earlier work, [1, 9, 10] were confirmed in the present work. The in situ neutron diffraction analysis also revealed a third contribution to strain hardening resulting from the strain gradient at the ferrite-austenite phase boundaries.
